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The reactive ion etching of p-InGaP and p-GaAs using CH4/H2 was examined through design of
experiment techniques. The etch rate of InGaP and GaAs, the etch rate ratio of InGaP over GaAs,
and the dc bias were optimized by fractional factorial design as a function of total gas flow rate,
methane composition, total pressure, and rf power. It was found that the rf power and the total
chamber pressure were the most significant parameters in the reactive ion etching process. Models
were created to describe the change of each response over a range of etching parameters. © 1996
American Vacuum Society.I. INTRODUCTION
InGaP lattice matched onto GaAs substrates has drawn
attention to its potential applications in advanced photonic
and microelectronic devices. Since the InGaP/GaAs material
system lacks Al, it is less prone to surface oxidation and
easier to process than AlGaAs/GaAs materials.1 InGaP is a
good candidate for devices requiring a regrowth step and can
be more suitable than AlGaAs as a cladding layer for
InGaAs/GaAs strained quantum well lasers. Al free lasers
will have higher reliability since AlGaAs lasers will gradu-
ally degrade from Al oxidation.2 InGaP can also be imple-
mented for optical devices such as lasers and detectors. Other
potential high-performance applications for InGaP/GaAs
compounds include field-effect transistors, high electron mo-
bility transistors, and heterojunction bipolar transistors as
high speed and microwave devices.3–5
In order for the potential applications for InGaP to be
realized, it is essential that reliable processes be found to
fabricate these advanced devices. Also, process repeatability
is an important issue since processes are useful and efficient
only if they are predictable and robust. By experimentation,
variations in processes need to be identified and accounted
for. To make use of the InGaP/GaAs material system, it is,
therefore, necessary to investigate potential techniques to
etch and define fine structures in InGaP. HCl:H3PO4, HCl,
and bromine/methanol have already been shown to be effec-
tive etchants of InGaP.1–3 Although the known advantages of
wet etching are reproducibility, reliability, and high selectiv-
ity, wet chemicals etch isotropically and may not be desir-
able for devices with small features. In contrast, dry etching
processes such as reactive ion etching ~RIE! have excep-
tional dimensional control and can yield anisotropic profiles
with higher aspect ratios. Care needs to be taken, however, to
minimize possible damage to the crystalline structure of
etched materials since RIE is partially a physical process.
To date, there have only been a handful of reports focus-
ing on the dry etching of InGaP.1,4,6,7 Lothian et al. reported
on the etch characteristics of PCl3/Ar, CCl2F2/Ar, and
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duced smooth surfaces and CH4/H2/Ar was a slower etch
than chlorine-based gases.1 Saint-Cricq et al. also reported
on etching GaInP/GaAs multilayers with SiCl4/Cl2/Ar
gases.7 SiCl4 effectively etched InGaP, and small amounts of
Cl2 helped increase the etch rate. High levels of Cl2 produced
rough surfaces, and no etch difference of InGaP over GaAs
was found in this process. In this article, we report on the
characterization of reactive ion etching of p-InGaP with
CH4/H2. Of the various etching gases, CH4/H2 is a more
attractive option than others because it is less toxic and less
corrosive than chlorine gas mixtures and can produce a
smooth, anisotropic etch.8
There are many factors such as rf power, rf frequency,
electrode separation, flow rate, gas composition, and cham-
ber pressure that control RIE characteristics. To simulta-
neously examine several factors that influence etching char-
acteristics, the experimental design method can be
implemented. Experimental design is a powerful tool that
can maximize the information interpreted from a given
amount of data and enhance understanding of the results.9,10
The experimental design method has been demonstrated as
an effective means to examine the characteristics of RIE.11
Using a computer program, Carpi et al. implemented a three-
level fractional factorial design method to optimize the etch-
ing of AlGaInAs in CH4/H2. Traditional experimentation fol-
lows the idea of changing one variable while keeping all
other variables constant. This method is inefficient and may
be incomplete compared to the information gained from ex-
perimental design. In experimental design, a structured
means of testing each variable is presented that maximizes
the amount of data generated with a minimal amount of ef-
fort. For simplicity, we used a two-level fractional factorial
design to investigate the effects of four etching parameters
on four different responses. A three-level experiment could
have been performed, and it would have revealed if the etch-
ing factors affect the responses quadratically. Significantly
more runs would be required to gather the additional data
while the three-level experiment would also add complexity
to the calculations. Also, if the responses are not quadratic,32196/14(5)/3219/7/$10.00 ©1996 American Vacuum Society
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Independent variables Low level ~21! High level ~11!
x1 : total flow rate of CH4 and H2 gases ~sccm! 30 50
x2 : percent methane composition of gases 10% 20%
x3 : total pressure of etching chamber ~mT! 20 50
x4 : rf power of the system ~W! 120 160
Measured responses
y1 : etch rate of p-InGaP ~Å/min!
y2 : etch rate of p-GaAs ~Å/min!
y3 : etch rate ratio of p-InGaP over p-GaAs
y4 : dc bias of the system ~V!the three-level experiment would not reveal more informa-
tion over a two-level one. A two-level experiment is more
manageable to calculate and it will allow us to understand
the significance of different etch parameters. Therefore, we
chose to conduct a two-level experiment. In hindsight we
found that the examined responses were not quadratic in na-
ture and that the two-level experiment adequately determined
the relationship between the process parameters and the re-
sponses of interest.
II. EXPERIMENT
A. Experimental design
In this experiment, four etching parameters, total gas flow
rate, percent composition of methane, pressure of the etching
chamber, and rf power, were varied as listed in Table I.
These four parameters can be directly controlled and are sig-
nificant in the operation of a RIE system. The flow rate of the
process sets the amount of gas that can enter the etching
chamber. The gas will be partially excited into an active
species, and the flow rate will also determine the resident
time the excited species are available to react with the mate-
rial. As an excited species, the gases will either physically or
chemically react with the semiconductor surface. At lower
pressures, active species will be able to travel farther and
gain greater momentum before running into another particle.
The species should etch deeper into material with fewer ob-
structions. Since RIE is more of a physical process, the rf
power of the process will affect the etch rate of InGaP
through the sputtering ability of the active species. Four re-
sponses of interest that include the etch rate of p-InGaP, the
etch rate of p-GaAs, the etch rate ratio of p-InGaP over
p-GaAs, and the dc bias were observed and recorded as
shown in Table I. The decision was made to examine the
difference in the etch rate of p-InGaP over p-GaAs in order
to exploit the possible use of p-GaAs as an etch stop layer
for p-InGaP. A two-level factorial design method10 can be
implemented to measure these four responses due to the four
different etching parameters.
In a full-factorial experiment, every possible combination
of etch parameters would be tested, and since there are four
variables having two possible levels, the number of unique
etching situations is calculated to be 2k524516 where k is
the number of variables. Also, in order to judge the relativenol. B, Vol. 14, No. 5, Sep/Oct 1996importance of each etch parameter and the interaction be-
tween parameters, it is necessary to replicate each unique set
of etch parameters at least once so the number of runs is at
least doubled to 32. Replication will allow the direct mea-
surement of variation or experimental error. Generally, it
may not always be practical to run a full-factorial experiment
and test every possible combination of variables due to lim-
ited resources. In a full-factorial experiment, interactions in-
volving three or more variables are often small and insignifi-
cant. Two or more variables are considered to be interacting
when, in conjunction, they dependently affect the overall re-
sponse. If only two-factor interactions and the variables
alone are significant, then there will be redundancy in the
collected information of three factor or higher interactions.
Assuming higher-order interactions between the different
etching parameters are negligible, a fractional 2k2p factorial
experiment, where p variables are added to the full factorial
having k2p variables, can be used instead. The number of
runs with replication can then be halved to 232421516 with-
out the loss of relevant information. Therefore, four variables
can then be examined at two different levels with single rep-
lication in 16 trials. A consequence of fractioning a full fac-
torial is that the estimates of the two-factor interactions will
be confounded where these estimates will actually be a sum
of two different two-factor interactions.10 After running the
experiment, the significant effects for each response can then
be used to characterize each of the four responses for varying
etch parameters.
From previous experience in etching InGaP, it was de-
cided to test the four variables at two setting levels: 30 and
50 sccm for the total flow rate, 10% and 20% for the meth-
ane composition, 20 and 50 mT for the total pressure, and
120 and 160 W for the rf power. Since we knew that there
would be a positive relationship between the power and the
etch rate, we chose to conduct the DOE at powers of no less
than 120 W to avoid significantly longer etching times. It
was also decided to set the upper range of the power to no
more than 160 W since there would be a greater chance of
semiconductor damage from excited ions at higher powers.
Table II lists the settings of each process in the experiment.
The first variable, the flow rate, was assigned the coded vari-
able x1 with values of 21 and 11 that corresponded to the
low and high setting levels. Likewise, the second and third
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order with replication.
Coded test conditions Actual test conditions
Run order x45 Flow rate ~%! Pressure rf power
Test Set 1 Set 2 x1 x2 x3 x1x2x3 ~sccm! Methane ~mT! ~W!
1 6 10 11 11 11 11 50 20 50 160
2 2 15 21 11 11 21 30 20 50 120
3 5 9 11 21 11 21 50 10 50 120
4 8 12 21 21 11 11 30 10 50 160
5 7 14 11 11 21 21 50 20 20 120
6 1 11 21 11 21 11 30 20 20 160
7 3 13 11 21 21 11 50 10 20 160
8 4 16 21 21 21 21 30 10 20 120variables, methane composition and total pressure, were as-
signed, respectively, to the coded variables x2 and x3 with
values of 21 and 11. By fractional factorial design, the
fourth variable, rf power, was assigned to the coded variable
x4 that also is associated with the x1x2x3 interaction since the
three-factor x1x2x3 interaction is assumed to be negligible.10
By fractional factorial design, every possible combination of
x1 , x2 , x3 , and x4 does not have to be tested to elicit the
necessary information to characterize the process. The run
order was randomized to reduce possible bias.
B. Equipment and procedures
The samples used were Be-doped ~831017 cm23! InGaP
and Be-doped ~731018 cm23! GaAs grown by gas source
molecular beam epitaxy. A Plasma Technology Plasmalab
mP RIE system operating at 13.56 MHz was used to etch the
materials. The cathode in the etching chamber had a diam-
eter of 17 cm and a separation of 5 cm from the anode. Both
the anode and the cathode were water cooled to roughly
23 °C, and the aluminum cathode was covered with a quartz
plate to protect the cathode from sputtering. A Tencor Instru-
ments alpha-step 200 profilometer measured the depth of
each etch.
Both sets of samples were cleaned in acetone, methanol,
and de-ionized water. A 20-mm-wide stripe photoresist mask
was patterned on the two materials using standard photoli-
thography processes. Following development, the photoresist
mask was baked at 125 °C for 10 min to harden the photo-
resist against the RIE. The samples were then briefly put in
an O2 planar plasma chamber to remove any residues from
the developed areas of the photoresist. The samples were
finally cleaved into individual pieces for the experiment and
placed on the quartz plate in the etching chamber.
Prior to each process, the etching chamber was cleaned in
an O2 plasma ~30 sccm, 100 mT, 100 W! for 5 min followed
by a H2 plasma ~30 sccm, 100 mT, 100 W! for another 5
min. These gases have been effective in removing organic
residues that may have been left from prior processes. For
each run, a p-InGaP and a p-GaAs sample were loaded si-
multaneously into the etching chamber and etched for 15
min. At the end of each process, the dc bias was measured
and then the samples were unloaded. Photoresist and anyelectronics and Nanometer Structuresorganic materials that may have redeposited on the surface of
the samples during the etching process were removed with a
chemical photoresist remover. The mesa heights were mea-
sured in different areas on each sample with the profilometer.
An average depth of each etch was then calculated and an
etch rate was found for each 15 min process, and the etch
ratio was found as the etch rate of InGaP over the etch rate of
GaAs for each set of process parameters.
III. RESULTS AND DISCUSSION
The average effect, the main effect of each variable, and
the interaction effects between variables were calculated
from the data as outlined in Ref. 10, and the results are listed
in Table III. Ei and Ei j are the effects corresponding to the
variables xi and to the interacting variables xix j . The main
effect of a variable, E1 , E2 , E3 , and E4 , can be physically
interpreted as the average amount of change observed when
only that variable is changed. Likewise, the interaction ef-
fects between variables, E12 , E13 , and E23 can be interpreted
as the average change observed when a set of variables is
changed. Finally, the average effect E0 is the observed effect
when all the variables are set to zero. For each calculated
value, the sign reveals the positive or negative nature of the
effect to the response and the magnitude shows the signifi-
cance of the data. Since this is a fractional factorial experi-
ment, the two-factor interaction effects are confounded. E12
actually describes the sum of the effects due to the x1x2
interaction and the x3x4 interaction, E13 is the sum of the
x1x3 and the x2x4 interactions, and E23 is the sum of the
effects due to the x2x3 and the x1x4 interactions.
The average, main, and interaction effects were examined
to determine if they were statistically significant. A powerful
theorem in statistics, the central limit theorem, states that
sample means will be distributed normally even if the
samples are drawn from a non-normal population.10 By the
central limit theorem, the experimental estimates of these
effects should be normally distributed and centered around
zero, if they are insignificant and truly random, since these
estimates are in essence sample means for different sets of
etching variables.
Since the population variance is unknown and is esti-
mated by the sample variance, the effect estimates are dis-
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J. Vac. Sci. TTABLE III. Estimated average, main, and interaction effects for each response where E0 is the average effect for
each process and Ei and Ei j are the effects corresponding to the variable xi and to the interacting variables xix j .
Effects
Etch rate of
InGaP, y1
Etch rate of
GaAs, y2 Etch ratio, y3 dc bias, y4
Average E0 139.8 47.8 2.927 550
Main E1 41.1 8.9 0.290 23
E2 38.1 8.9 0.141 8
E3 51.6 14.1 0.284 218
E4 56.4 14.6 0.241 81
Interaction E125E34 18.4 21.4 0.372 1
E135E24 7.9 2.4 20.069 26
E235E14 5.6 23.1 0.088 27tributed following a t distribution with 8° of freedom that
correspond to 8 unique test conditions. Ninety-five percent
confidence intervals for the average, main, and interaction
effects were calculated and plotted in Fig. 1. These intervals
were found from the pooled sample variance and sample
variance of the effect.10 The plots in Fig. 1 show the interval
where there is 95% confidence that the true mean value for
the average, main, and interaction effects lie. Each effect is
judged to be either significant or not significant depending if
its corresponding confidence interval lies across zero. If the
interval contains zero, the effect is judged to be not signifi-
cant since the true mean value of the effect could plausibly
be zero ~mE50!. Its observed value from the experiment is,
therefore, not significant and can be attributed to randomechnol. B, Vol. 14, No. 5, Sep/Oct 1996variation in the experiment. Otherwise, if the confidence in-
terval does not contain zero, the effect is judged to be sig-
nificant, and it cannot be attributed to random variation.
Thus, the corresponding change in the etch parameters for
this effect did significantly affect the response.
From Fig. 1~a!, the confidence intervals for the average
response and main effects, E0 , E1 , E2 , E3 , and E4 , do not
cross mE50, therefore these effects and the corresponding
etch parameters are judged to be significant to the etch rate
of p-type InGaP with 95% certainty. Likewise, only E0 , E3 ,
and E4 are significant to the etch rate of p-GaAs @Fig. 1~b!#,
E0 to the etch ratio of p-InGaP to p-GaAs @Fig. 1~c!#, and
E0 , E3 , and E4 to the dc bias @Fig. 1~d!#. In Fig. 1~d!, the
confidence interval for E0 is not within the plot since theFIG. 1. Ninety-five percent confidence intervals for the estimated average, main, and interaction effects of ~a! the etch rate of p-InGaP, ~b! the etch rate of
p-GaAs, ~c! the etch rate ratio of p-InGaP over p-GaAs, and ~d! the dc bias.
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other effects.
It is interesting to note that in all the examined responses
none of the confounded interaction effects, E12 , E13 , E23 ,
was significant to the overall response, and so the etching
variables only independently affected the overall responses.
The total flow rate of the gases, the percent composition of
methane, the pressure of the chamber, and the rf power were
all significant to varying degrees in determining the etch rate
of p-InGaP. By looking at the magnitudes of the main effects
in Table III, we can see that rf power and chamber pressure
were the most significant variables. Only the total pressure in
the etching chamber and the rf power were important to the
etch rate of p-GaAs and in setting the dc bias. Therefore,
changes in the gas flow rate and the amount of methane
should not affect these two responses. None of the main
effects was significant as well in determining the etch ratio of
p-InGaP over p-GaAs. This shows that this response is not
significantly dependent on the etching parameters.
For a full factorial experiment, the general equation for
modeling each response due to the varying etching param-
eters can be written as
yˆ i5bˆ 01bˆ 1x11bˆ 2x21bˆ 3x31bˆ 12x1x21bˆ 13x1x31bˆ 23x2x3
1bˆ 123x1x2x3 . ~1a!
The bˆ i terms are the model coefficients of the predicted re-
sponse yˆ i and correspond to the respective observed average,
main, and interaction effects. The xi terms are the setting
levels ranging from 11 ~high! to 21 ~low!. In the full fac-
torial model for three variables, second and third order inter-
actions are explicitly shown in Eq. ~1a!. In the fractional
factorial experiment, we assume the higher order, three-
factor interaction is insignificant, and x4 can be substituted
for x1x2x3 , thereby allowing a fourth etching parameter. x4
takes the respective coded values of x1x2x3 for each test, and
the equation can be rewritten as
yˆ15bˆ 01bˆ 1x11bˆ 2x21bˆ 3x31bˆ 4x41bˆ 12x1x21bˆ 13x1x3
1bˆ 23x2x3 . ~1b!
The insignificant bˆ i terms and corresponding variable terms
from each yˆ i equation are now dropped, and the significant
bˆ i values are inserted into each model.
InGaP etch rate yˆ15139.8120.17x1119.1x2125.8x3
128.2x4 ~Å/min!, ~2a!
GaAs etch rate yˆ2547.817.1x317.3x4 ~Å/min!,
~2b!
etch ratio yˆ352.93, ~2c!
dc bias yˆ4555029x3141x4 ~V!. ~2d!
Equation ~2a! predicts the etch rate of InGaP, Eq. ~2b!
predicts the etch rate of GaAs, Eq. ~2c! the etch ratio of
p-InGaP over p-GaAs, and Eq. ~2d! the dc bias. To check for
inadequacies in these models, model residual errors, the dif-
ferences between the observed response and the model pre-JVST B - Microelectronics and Nanometer Structuresdictions, were calculated. These residuals were compared
against run order, predicted responses, and setting levels.
The residuals were found to be random over time, against the
predicted responses, and for different setting levels. Figure 2
shows the graphs of the residuals against the predicted re-
sponses for each of the models. To evaluate the model fit the
coefficient of determination, R2, was calculated for each
model. R2 measures the percentage of the total variability of
the data that can be accounted for by the model and is cal-
culated by dividing the model sum of squares by the total
sum of squares of the response. Greater detail on how to
calculate R2 is given in Ref. 10. The model for the etch rate
of InGaP had a R2 value of 95.4%, 90.5% for the etch rate of
GaAs, 88.7% for the etch ratio between the two materials,
and a R2 value of 99.9% for the dc bias. It can then be
concluded that the predicted models are unbiased, and the
models adequately characterize the actual responses and can
account for much of the response variability found in the
experiment.
At higher levels of bias, it is commonly known that there
will be a greater amount of surface damage to the semicon-
ductor due to energetic ions. Therefore, the dc bias needs to
be minimized if possible. The predicted response for dc bias
yˆ4 is at a minimum when the total pressure is set to 50 mT
~x3511! and when the rf power is 120 W ~x4521!. These
parameters will produce a minimal dc bias of 500 V as pre-
dicted by the model. At these settings the model for the etch
rate of p-InGaP will not be at the maximum rate predicted by
the model when all the independent variables are high
~x1511, x2511, x3511, x4511!. Although the rf power
is set at the lower level of 120 W, the remaining variables
can be set high for a reasonable predicted etch rate of 177
Å/min ~x1511, x2511, x3511, x4521!. Also, the etch
rate of GaAs is estimated to be 48 Å/min. Therefore, this
process can be implemented to etch p-InGaP and p-GaAs
while taking advantage of an InGaP over GaAs etch ratio of
2.9. It is interesting to note that the difference in etch rates
between the materials is independent of the etching param-
eters. Therefore, from the method we used to calculate the
etch ratio of p-InGaP over p-GaAs, we see that there is an
innate constant in etch rate ratio between the two materials
for the CH4/H2 RIE system. This difference in etch rates can
then be exploited to make use of GaAs as an etch stop layer
for InGaP.
Samples of InGaP and GaAs were then etched with the
settings of x1511, x2511, x3511, and x4521 to verify
the predicted etch rate. This translates to a total gas flow of
50 sccm, a methane composition of 20%, an etching pressure
of 50 mT, and a rf power of 120 W. The etch rates were
observed to be 171 Å/min for InGaP and 48 Å/min for GaAs.
Although this combination of x1 , x2 , x3 , and x4 was not in
the original set that was applied to the experiment, the ob-
served values fell close to the predicted values of 177 and 52
Å/min. This result is helpful in confirming that the predicted
responses are possible and repeatable. The dc bias for this
process was measured to be 510 V whereas the expected
value was 500 V. In addition, the etch ratio between InGaP
3224 R. H. Chan and K. Y. Cheng: Optimizing the reactive ion etching of p-InGaP 3224FIG. 2. Plot of the residuals vs the predicted response for ~a! the etch rate of p-InGaP, ~b! the etch rate of p-GaAs, ~c! the etch rate ratio of p-InGaP over
p-GaAs, and ~d! the dc bias.and GaAs was found to be 171/4853.6. By implementing
the experimental design method, the etch rates of InGaP and
GaAs were predicted with reasonable accuracy.
InGaP was also etched with these parameters for periods
longer than 15 min. It was observed that a polymer deposited
onto the samples during processes required longer periods of
time. Similar observations of polymer deposition during RIE
of CH4 were noted in other reports.11–13 Polymer deposition
on the exposed areas of the samples can lead to rough
surfaces.12 After each etch, the polymers were effectively
removed during the wet chemical removal of the photoresist.
There has been concern in the surface quality of etched ma-
terials when using H2.12 Figure 3 shows surface roughness
that occurs when H2 reacts with group V elements in III–V
compounds. Figure 3 also shows a sample that was etched to
a depth of 1.4 mm and the anisotropic profiles that can be
achieved with dry etching.
IV. CONCLUSION
The reactive ion etching of p-InGaP and p-GaAs was
investigated and characterized using the experimental
method of fractional 2k2p factorial design. The etch rates of
InGaP and GaAs were determined to be mostly due to the
independent effects of each etching parameter. The depen-
dent interaction effects between etching parameters were
shown to be insignificant to the etching process. By frac-
tional factorial design, the etch rate of InGaP and the dc bias
can be accurately predicted while minimizing the bias toJ. Vac. Sci. Technol. B, Vol. 14, No. 5, Sep/Oct 1996decrease surface damage from energetic ions. Actual tests
also confirmed that the model for the etch rate of GaAs was
adequate. The etch ratio of InGaP over GaAs was shown to
be independent of the etch parameters and found to be about
2.9. This work was successful in demonstrating design of
experiment techniques as a means to examine the effect of
several factors to a set of responses and to assist the re-
searcher in maximizing the amount of data generated with a
minimal amount of effort.
FIG. 3. InGaP etched for 60 min at 50 sccm, 20% CH4 , 50 mT, and 120 W
to a depth of 1.4 mm.
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